INTRODUCTION
Poor maternal nutrition, as a result of under or over feeding of the mother during pregnancy, can negatively impact offspring development including growth, tissue accretion, and organogenesis (Barker, 2007; Hoffman et al., 2014 Hoffman et al., , 2016 . Skeletal muscle tissue is particularly vulnerable as nutrients are partitioned away from muscle in favor of organ development (Wu et al., 2006) , result ing in alterations in muscle mass, muscle fiber type, con nective tissue content, and adiposity (Daniel et al., 2007; Yan et al., 2013; Reed et al., 2014) . As a result, these changes impact meat and carcass quality and carcass yields. The effects of poor maternal nutrition on offspring development are well established; however, the mecha nisms involved remain poorly understood, especially those involved with changes in global gene expression. It has been determined that overfeeding ewes during gestation causes a reduction in gene expression of sev eral myogenic factors and Wnt signaling factors as well as increased expression of genes involved in connec tive tissue development and inflammation in the muscle (Tong et al., 2009; Huang et al., 2011) . However, these analyses are limited to only a few genes. Furthermore, there is limited information on genes and pathways that may contribute to altered postnatal muscle development in the offspring. Therefore, we hypothesized that poor maternal nutrition would alter key pathways and global gene expression of factors involved in the growth and development of the muscle tissue of lambs. aBSTRaCT: Poor maternal nutrition during gesta tion can result in reduced muscle mass and increased adiposity of the muscle tissue in the offspring. This can have longlasting consequences on offspring health and productivity. However, the mechanisms by which poor maternal nutrition affects postnatal muscle devel opment are poorly understood. We hypothesized that poor maternal nutrition during gestation would alter expression of key pathways and genes involved in growth, development, and maintenance of the muscle of lambs. For this study, beginning at d 31 ± 1.3 of ges tation, ewes were fed 100 (control), 60 (restricted), or 140% (overfed) of the NRC requirements. Within 24 h of birth, lambs were necropsied and semitendinosus muscle tissue was collected for gene expression analy sis. Using RNA sequencing (RNAseq) across dietary treatment groups, 35 and 10 differentially expressed genes were identified using the Bos taurus and Ovis aries reference annotations, respectively. Maternal overfeeding caused changes in the expression of genes involved in regulating muscle protein synthesis and growth as well as metabolism. Alternately, maternal nutrient restriction affected genes that are involved in muscle cell proliferation and signal transduction. That is, despite a similar phenotype, the genes identified dif fered between offspring born to restricted or overfed, ewes indicating that the mechanism for the phenotypic changes in muscle are due to different mechanisms.
maTeRIalS aND meTHODS

Animals
All procedures were approved by the University of Connecticut Institutional Animal Care and Use Committee. A detailed description of experimental design, animals, and diets used was previously report ed (Reed et al., 2014; Hoffman et al., 2016) . Briefly, pregnant ewes were assigned to 1 of 3 treatment diets (100, 60, and 140% of the NRC [1992] requirements for total digestible nutrients) at d 31 ± 1.3 of gestation and remained on that diet until parturition. Eighteen lambs (n = 6 per treatment) were sampled within 24 h of birth. For RNA sequencing, samples from 3 Dorset lambs per treatment group were used (2 rams and 1 ewe born to controlfed ewes [CON] , 3 rams born to restrictedfed ewes [ReS] , and 2 ewes and 1 ram born to overfed ewes [OVeR] ).
Sample Collection and RNA Preparation
Euthanasia, semitendinosus muscle sample col lection, and RNA isolation are described by Reed et al. (2014) . Ribosomal RNA was removed using a human and mouse RiboZero Gold kit (Epicentre, Madison, WI). Complementary DNA libraries were prepared and sequenced using the Ion Torrent Proton sequencer (Li et al., 2015) .
Data Analysis
Quality control (QC) was performed us ing Sickle (Joshi and Fass, 2011) to eliminate se quences that were ≤35 bp in length and had a Phred score ≤20. Sequences were mapped to the Ovis aries (Oar_V.3.1/OviAri3; http://www.ncbi.nlm.nih.gov/as sembly/457978; Accessed 5/13/14) and the Bos taurus (Btau_4.61/BosTau7; http://www.ncbi.nlm.nih.gov/ assembly/313728/; Accessed 5/13/14) reference ge nomes using the TopHat aligner (Trapnell et al., 2009 ). Differential gene expression was then determined using Cufflinks, Cuffmerge, and Cuffdiff packages (Trapnell et al., 2010) . Genes were considered to be differentially expressed when P ≤ 0.00005 and the corresponding false discovery rate-corrected q-value was ≤0.05. False discovery rates were determined using the BenjaminiHochberg multiple testing correction (Benjamini and Hochberg, 1995) . Functional classifications, gene ontol ogy, and gene enrichment analysis were performed on differentially expressed genes for CON vs. OVER and CON vs. RES comparisons that were identified with the Bos taurus reference via the PANTHER classification system (Mi et al., 2013) using default parameters.
ReSUlTS
Differential Gene Expression
Gene names corresponding to abbreviations are list ed in Table 1 . Using the Ovis aries reference annotation, 10 unique differentially expressed genes were identified (Table 1) . Alternately, using the Bos taurus reference, 35 differentially expressed genes were identified (Table 1) . The differentially expressed genes FOS, MSTN, MTE1, PSPH, RASD1, and SLC25A33 were identified using both reference annotations with similar changes in gene expression ( Table 1 ). The majority of differentially ex pressed genes were identified comparing expression be tween CON and OVER lambs and between RES and OVER lambs. Only 4 genes were upregulated whereas 15 were downregulated in CON vs. OVER lambs (Table 1) . Specifically, the ARRDC2, ARID5B, MSTN, and MYF6 genes were 3.46, 2.87, 1.96, and 1.67fold greater, re spectively, in OVER lambs relative to CON lambs (Table  1 ; q ≤ 0.05). Expression of small RNA genes SNORD70, SNORD133, and U1 were reduced 2.05, 2.55, and 2.77fold, respectively, in OVER lambs compared with CON lambs (q ≤ 0.05). Lambs from overfed ewes also exhibited reduced expression (≥2-fold) of ANKRD1, JUNB, MTE1, PPARGC1A, PSAT, PSPH, RGS16, and THBD genes relative to CON lambs (q ≤ 0.05; Table 1 ). Four genes, TRIM63, FOS, SNORD113, and suppressor of cytokine signal 3 (SOCS3), exhibited a 1.41, 1.59 , 2.68, and 2.83fold reduction, respectively, in RES lambs compared with CON lambs (q ≤ 0.03). No genes were found to be upregulated in response to underfeed ing during gestation compared with CON lambs. Fifteen genes were upregulated and 5 genes downregulated in RES vs. OVER lambs ( Table 1) . Expression of PSPH, ANKRD1, SNORD113, and U1 were reduced 2.04, 2.11, 2.40, and 3.47fold, respectively, compared with OVER lambs (Table 1 ; q ≤ 0.05). In RES lambs, Y_RNA expression was 8.47fold less than in OVER lambs (Table 1 ; q ≤ 0.05). In contrast to other small nuclear RNA, expression of SNORA72 was 7.46fold greater in RES lambs than in OVER lambs. Expression of MYF6, RASD1, SLC25A33, and ZFAND5 were increased 1.72, 1.88, 2.76, 2.43, and 2.03fold, respectively, in RES lambs compared with OVER lambs (q ≤ 0.05; Table 1 ).
Gene Ontology and Enrichment Analysis
For gene classifications, 42.9 and 45.5% of dif ferentially expressed genes in CON vs. OVER lambs were classified into the subcategories of binding (gene ontology [GO] : 0005488) and cell part (GO: 0044464) for the main categories of molecular func tion and cellular processes (Table 2) . Additionally, for the main classification of biological processes, 26.70% of genes identified were categorized into the subcategories of cellular processes (GO: 0009987) and metabolic processes (GO: 0008152). In CON vs. RES lambs, 33.30% of differentially expressed genes identified in the category of molecular function be longed to the subcategory of binding (GO: 0005488) and catalytic activity (GO: 0003824). For the main category of biological processes, 33% of differen tially expressed genes were also classified into the metabolic processes subcategory (GO: 0008152). For protein classifications, CON vs. OVER lamb differ entially expressed genes were predominantly subcat egorized into the transcription factor group (PC00218; (Table 2) . Gene enrichment analysis did not identify any genes or subsequent classification categories that were affected by maternal diet (q > 0.05).
DISCUSSION
Based on the RNA sequencing (RNaseq) analysis, the most important and novel aspect of these data is that the mechanisms mediating changes in the muscle tissue of RES and OVER offspring are fundamentally different despite similar phenotypic changes observed in the mus cle tissue (as presented in Reed et al. [2014] ). Identifying this difference is key, as the potential for the involvement of these differential mechanisms needs to be taken into consideration when developing future studies as well as potential intervention strategies.
Differential expression of several genes involved in the regulation of muscle metabolism, hypertrophy, nutri ent uptake, and protein turnover were identified including MSTN, ANKRD1, JUNB, ARID5B, RGS16, and GFPT2. Myostatin is responsible for suppressing myogensis by inhibiting the activation of MYOD and increasing protein degradation in muscle (Argilés et al., 2012) . However, no change in MSTN protein expression was identified (Reed et al., 2014) . This disparity between mRNA and protein expression could be due to the prevalence of specific microRNA that regulate MSTN gene expression (Hitachi and Tsuchida, 2014) . The prevalence of microR NA in muscle can be affected by nutritional status (Yan et al., 2013) ; however, the prevalence of MSTN microRNA within muscle tissue of lambs born to poorly nourished mothers needs to be determined.
The ANKRD1 gene is a target for several myogenic factors (i.e., MyoD and myogenin) and is involved in the differentiation of muscle tissue, muscle fiber-type switch, and muscle hypertrophy (Blais et al., 2005; Arimura et al., 2009 ). This gene was downregulated in OVER lambs, and similar to our findings, Peñagaricano et al. (2014) reported that ANKRD1 was downregulated in the muscle of lambs born to ewes fed a cornbased diet compared with lambs from ewes fed a distillers' or haylagebased diet. Although these diets fed were isoenergetic, the cornbased diet contained 30% less protein than the other diets (Peñagaricano et al., 2014) , suggesting that maternal protein restriction and over feeding have similar effects on ANKRD1 expression. Similar to ANKRD1, the transcription factor JUNB, which is responsible for maintaining muscle mass and inducing muscle hypertrophy (Raffaello et al., 2010) , was reduced in OVER lambs, potentially leading to reduced muscle fiber cross-sectional area (Reed et al., 2014) . Therefore, a reduction in the expression of these genes could affect postnatal muscle hypertrophy and re sponse to physical loading in these animals.
Expression of several genes involved in regulating muscle nutrient uptake (e.g., RGS16, GFPT2, ARID5B, PPARCG1A) was also affected by poor maternal nutri tion. The RGS16 gene encodes a G protein regulator that controls fatty acid oxidation in response to glucose pro duction (Rudkowska et al., 2013) , and GFPT2 is respon sible for controlling flux of glucose into the hexoseamine biosynthetic pathway (Zhang et al., 2004) . Reduced Transferase (PC00220) 20.0% -1 Differentially expressed genes were classified into 1 of 3 major catego ries and correlating gene ontology classifications. Genes were also classified by protein class. Classification was performed using the PANTHER classifi cation system (Mi et al., 2013) . Percentages were determined by the number of input genes that corresponded with a given classification and correspond ing ontologies. Ontology subclassifications are listed in alphabetical order.
2 CON = 2 rams and 1 ewe born to controlfed ewes; OVER = 2 ewes and 1 ram born to overfed ewes; RES = 3 rams born to restrictedfed ewes.
3 GO = gene ontology.
expression may lead to alterations in nutrient partitioning in the muscle tissue. The ARID5B gene is required for the accumulation of triglycerides in adipose tissue and is involved in the differentiation of smooth muscle and adipose cells (Whitson et al., 2003; Wang et al., 2012) . Similar to our findings, Peñagaricano et al. (2014) ob served that ARID5B gene expression was greater in the subcutaneous adipose tissue of fetuses from ewes fed distillers' grain compared with those fed corn or haylage, demonstrating that maternal diet can alter the expression of this gene. In general, changes to these factors suggest that the regulation of nutrient accretion and utilization is altered within the muscle tissue of OVER offspring, and therefore, this may be a mechanism contributing to al tered postnatal muscle development. Expression of PPARGC1A can vary depending on muscle fiber composition and mitochondrial function (Handschin, 2010) . Specifically, Type I and Type IIa muscle fibers are classified as oxidative fibers and exhibit greater expression of PPARGC1A than glycolytic Type IIb fibers (Handschin, 2010) . Muscle tissue from both RES and OVER lambs exhibited a reduction in Type I fibers and an increase in Type IIb fibers at birth (Reed et al., 2014) . This reduction in Type I fibers could explain the reduction in PPARGC1A gene expression observed in OVER animals. However, it would be expected that changes in the expression of PPARGC1A should have been observed in both RES and OVER lambs, given the similar phenotype. Therefore, these data provide ad ditional evidence that the mechanisms facilitating the changes with maternal under or overfeeding are different. Additionally, PPARG1A regulates mitochondrial bio genesis (Handschin, 2010) , with high fat feeding during gestation causing reduced expression of PPARGC1A in postnatal liver and muscle tissue of rat pups (Borengasser et al., 2014) . Therefore, exposure to overfeeding during gestation may influence the mitochondrial biogenesis and metabolism of postnatal muscle tissue.
Two other differentially expressed genes that were identified in OVER lambs, JUNB and THBD, are regu lated by insulin (Coletta et al., 2008; Raffaello et al., 2010) . At this time point, changes to circulating insulin concentrations were not observed in OVER animals (Hoffman et al., 2016) . Changes in insulin sensitivity in the muscle may affect the expression of these genes, but the effects of maternal nutrition on these genes have yet to be investigated. Our analyses indicated that expres sion of SOCS3 and FOS, 2 factors responsible for inhib iting myogenesis (Broholm et al., 2012) , were affected by maternal nutrient restriction. The postnatal involve ment of these factors could be a mechanism by which the muscle crosssectional area of RES lambs did not grow as well as CON lambs and why lipid acumination in the muscle tissue of these animals was greater when evaluated at 3 mo of age (Reed et al., 2014) . To better understand these changes, other factors involved in the Janus kinase/signal transducer of transcription pathway and targets of SOCS3 and FOS need to be evaluated.
Maternal under and overnutrition during gestation affects several epigenetic mechanisms in the offspring including microRNA species (Ford and Long, 2012; Yan et al., 2013) . Differentially expressed genes in the current study may indicate that poor maternal nutrition may affect other small RNA species in the offspring. The SNORD113 and SNORA70 are small, nuclear, non coding RNA that are responsible for guiding RNA for post-transcriptional modifications (Xu et al., 2014) , and Y RNA is a small cytoplasmic noncoding RNA that have a critical role in DNA replication (Kowalski and Krude, 2015) . Additionally, U1 is a small nuclear RNA that is responsible for premRNA splicing (O'Reilly et al., 2013) . Therefore, poor maternal nutrition during gesta tion may decrease the expression of both small nuclear and cytoplasmic RNA in the muscle tissue of the off spring suggesting, this may be an epigenetic mechanism by which maternal nutrition alters muscle development. Although library preparations and bioinformatics analy sis were not performed specifically for the identification of small RNA, given the number that have been identi fied as differentially expressed in the analysis, this is an area that needs to be further evaluated.
Results of the gene ontology analysis suggest that poor maternal nutrition alters factors involved in meta bolic processes, transcription regulation, cytological function, and structure. However, in the current study, the number of differentially expressed genes identified within the analysis is low compared with other studies using RNAseq analysis in sheep (Peñagaricano et al., 2014) . This could be due to the number of replicates that were available for sequencing and the number of reads and read length lost during QC. The Ion Torrent Proton sequencer that was used has an increased error rate in base calling (Golan and Medvedev, 2013) , and therefore, this could have contributed to the loss of read length and number after QC. Despite this, we were still able to identify key mechanisms that are altered as a re sult of maternal under and overfeeding during gestation.
Conclusions
In conclusion, based on our analysis, we have found that despite exhibiting phenotypic changes similar to muscle development (Reed et al., 2014) , the genetic mechanisms involved in the changes to off spring muscle development are different. Furthermore, these changes have been observed at an early postnatal time point, suggesting that these mechanisms may be involved in the longlasting effects of poor maternal nutrition on muscle development. Identifying these mechanisms is the first step in developing intervention strategies for these offspring to improve productivity and efficiency. Additional work needs to be performed at multiple points during fetal development to better understand how the differences in these mechanisms develop as a result of maternal diet.
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